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Introduction

Owing to the selectivity against broadleaf weeds and annual
grasses, atrazine is the one of the most widely used herbi-
cides for combating weeds in corn, sugarcane, and sorghum
crops.[1,2] Along with the benefit for modern agriculture,
however, the large-scale application of this herbicide result-
ed in the contamination of drinking water and soil through
various pathways into the environment, causing serious
health risks even at very low (sub ppb) levels.[3] The United
States Environmental Protection Agency (USEPA) has
found short-term atrazine exposure above the drinking
water maximum contaminant level (MCL) to potentially
cause heart, lung, and kidney congestion, low blood pres-
sure, muscle spasms, weight loss, and damage to adrenal
glands.[2] Long-time exposure to atrazine concentrations
above the drinking water MCL may induce more severe dis-

eases. Therefore, the development of a facile analytical
method to efficiently and rapidly monitor or detect atrazine
levels is highly desirable.

Currently existing technologies to detect trace atrazine in
various samples mainly include gas chromatography (GC),
gas chromatography–mass spectrophotometry (GC/MS),
high-pressure liquid chromatography (HPLC), liquid-chro-
matography mass spectrophotometry (LC/MS), and enzyme-
linked immunosorbent assay (ELISA).[1–4] Although all of
these methods have shown sensitivity and specificity for the
detection of atrazine, they are mostly cumbersome, time-
consuming, and expensive, and require complicated clean-up
procedures or sophisticated technical equipment. As a
result, there has been considerable interest in the develop-
ment of alternative technologies for rapid, sensitive, and in-
expensive detection of atrazine,[5–7] with the ideal situation
being that detection could be visualized through a pH-like
test paper by the naked eye.

Recently, using colloidal-crystal templating to create ma-
terials with 3D-ordered interconnected macroporous struc-
ture has drawn considerable interest for the development of
various chemical and biological sensors.[8–9] Owing to the pe-
riodic porous structure, such materials (inverse opals) exhib-
it fascinating optical properties (Bragg diffraction) and
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bright structural color. Particularly, if these highly ordered
macroporous materials are made from responsive polymer
hydrogels, they are able to swell or shrink in aqueous solu-
tion upon molecular recognition or environmental condi-
tions to change the periodic spacing, leading to a change in
optical properties. In this respect, several research groups
have introduced molecular recognition elements or stimuli-
responsive units into the 3D-ordered skeleton.[8–16] For in-
stance, through the incorporation of a crown ether, boronic
acid, or pH-sensitive group, Watanabe and co-workers fabri-
cated inverse opal-based sensors that are highly sensitive to
metal ions, ionic strength, pH change, or glucose concentra-
tion.[11–14] Interestingly, through rational choice of pore size,
they can design the color change at a given detection con-
centration. Using this approach, Braun and co-workers also
developed several remarkable chemo- and biosensors.[15–16]

Inspired by these studies, we recently developed a new con-
cept for constructing photonic-based sensors by using the
combination of colloidal-crystal templating and molecular
imprinting techniques.[17] Molecular imprinting is a well-es-
tablished and facile technique used to synthesize molecular-
ly imprinted polymers (MIPs) with specific molecular recog-
nition nanocavities.[18–22] Owing to the complementarity in
shape and binding sites, the created nanocavities can act as
artificial antibodies and exhibit high selectivity towards the
imprinted molecules, including a large and diverse set of im-
portant organic or bioorganic molecules or metal ions. This
combination of both templating techniques (colloidal-crystal
templating and molecular imprinting) affords 3D highly or-
dered and interconnected macroporous arrays with a thin
polymer wall in which nanocavities that are complementary
to analytes in shape and binding sites are distributed. Such a
hierarchical porous structure is especially beneficial in
sensor applications that require high specific surface areas,
more interaction sites, efficient mass transport, and easier
accessibility to the active sites through the interconnected
macroporous system, as well as high specificity to analytes
of the nanocavities. More importantly, in this molecular
system, the molecular recognition events of the created
nanocavities will give rise to a readable optical signal
through a change in diffraction properties of ordered macro-
porous arrays that accompanies a visually perceptible color
change.

Our preliminary work confirmed the feasibility of our
new concept described above and a novel l-dopamine
sensor was developed.[17] As an extension of our work and
further demonstration that the developed concept is possible
for the construction of pH-paper-like molecularly imprinted
systems, the biologically significant molecule atrazine was
chosen as a target. Furthermore, the feasibility of develop-
ing a convenient but efficient approach for label-free colori-
metric detection of trace atrazine in aqueous solution based
on a molecularly imprinted photonic polymer (MIPP) was
investigated.

Results and Discussion

Fabrication of atrazine-imprinted photonic polymers: Atra-
zine was chosen as the targeted molecule as it is one of the
most widely used herbicides. For a comparative study, two
1,3,5-triazines (ametryn and prometryn) that are structurally
similar to atrazine as well as one structurally unrelated her-
bicide (2,4-dichlorophenoxyacetic acid, 2,4-D) were used as
reference compounds in this work (Scheme 1).

Scheme 2 displays a three-step approach employed for the
construction of atrazine-imprinted photonic polymer hydro-
gels, including the preparation of a colloidal-crystal tem-
plate, the polymerization of the pre-ordered complex of
atrazine with functional monomers in the interspacers of the
colloidal crystal, and the removal of the used templates (col-
loid particles and atrazine molecules). Silica colloidal-crystal
arrays prepared by vertical deposition on glass substrates
were used as templates for the formation of 3D highly or-
dered macroporous structure. The size of monodispersed
silica particles can be tuned in the range of 150–400 nm by
changing the fabrication conditions. In the present work,
monodispersed silica spheres with a diameter of 186 nm
were used to form a close-packed face-centered cubic (fcc)
photonic crystal film with a thickness of about 2 mm. The
atrazine-imprinted polymer hydrogel was prepared by a
noncovalent, self-assembly approach. The template mole-
cule (atrazine), functional monomer, and cross-linking
agents were first mixed to generate a pre-polymerization
cluster that utilizes hydrogen-bond interactions, electrostatic
attraction, and associated weak interactions. The mixture
was then filled into the void spaces of the colloidal-crystal
array by capillary force by using a sandwich structure (see
the Experimental Section). Upon polymerization, the struc-
ture was frozen in a 3D network of polymers. The removal
of silica particles and the embedded atrazine molecules
from the imprinted polymer matrix affords 3D highly or-
dered and interconnected macroporous arrays with specific
nanocavities that could specifically interact with the atrazine
molecule through noncovalent interactions.

For a successful creation of nanocavities that show excel-
lent specificity, the efficiency of complexation between the

Scheme 1. Chemical structures of the herbicides used.
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print molecule and the functional monomers is critically im-
portant. Therefore, aside from the optimization of the poly-
merization conditions, extensive studies in the molecular im-
printing area have focused on the selection of suitable func-
tional monomers and increasing complexation efficien-
cy.[26–27] In the case of atrazine, several research groups have
prepared molecularly imprinted polymers by using metha-
crylic acid (MAA) as a functional monomer.[27–32] Dual hy-
drogen bonding is expected to occur between atrazine and
MAA as a key interaction necessary for binding-site con-
struction (see Scheme 2), in which a carboxylic group of
MAA works as both a hydrogen-bond acceptor and a donor
that interacts with a hydrogen atom of the amino group and
a nitrogen atom of atrazine body, respectively. Takeuchi and
co-workers performed NMR spectroscopic studies and
found that the addition of MAA into the atrazine solution
resulted in low-field shifts of peaks derived from the ethyla-
mino and the isopropylamino protons of atrazine.[29] This
suggests that hydrogen and/or nitrogen atoms of the amino
groups of the atrazine are invloved in hydrogen-bond forma-
tion. The three remaining nitrogen atoms of the core of the
atrazine structure could also be involved in hydrogen bond-
ing as hydrogen acceptors. Based on these studies, we first
used MAA as the functional monomer, and its complexation
with atrazine molecules was cross-linked with ethylene
glycol dimethylacrylate (EGDMA) at a molar ratio of 1:4:1
(atrazine/MAA/EGDMA) to form the nanocavities in the
3D macroporous skeleton. Figure 1 shows the typical SEM
images of the used colloidal-crystal template and the resul-
tant atrazine-imprinted photonic polymer hydrogel film with
a thickness of about 2 mm.

Sensing properties of the MAA-based MIPP film: Conven-
tional molecular imprinting techniques only afford thou-
sands to millions of highly specific binding pockets or recog-
nition elements that, like their biological receptor counter-
parts, possess the ability to recognize and bind specific
target molecules. As a sensing element, the integration of
these recognition elements with an appropriate transduction
element is required. In our case, however, owing to the 3D-
ordered porous structure, the signal can be generated by the
molecularly imprinted polymer hydrogel itself through
Bragg diffraction, and the molecular recognition process can
be directly transferred into readable optical signals.

The diffraction peak, lmax, for the porous hydrogel is de-
termined by the Bragg equation (1):

lmax ¼ 1:633ðd=mÞðD=D0Þðna
2�sinq2Þ1=2 ð1Þ

where D is the sphere diameter of the silica colloidal parti-
cle, m is the order of Bragg diffraction, (d/d0) is the degree
of swelling of the gel (d and d0 denote the diameters of the
gel in the equilibrium state at a certain condition and in the
reference state, respectively), na is the average refractive
index of the porous gel at a certain condition, and q is the
angle of incidence. According to this equation, if the molec-
ular recognition process could cause the swelling or shrink-
age of the prepared hydrogel, the readable optical signal
may be detectable.

We examined the sensing response of MAA-based MIPP
to atrazine with a series of concentrations of atrazine in
5 mm phosphate buffer solution at pH 7.6. Figure 2 displays
the sensing behavior of the photonic polymer hydrogel fab-
ricated by using the pre-polymerization mixture with atra-
zine/MAA/EGDMA in a 1:4:1 molar ratio. The original hy-

Scheme 2. Schematic illustration of the procedure used for the preparation of the molecularly imprinted photonic polymer (MIPP).
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drogel shows well-defined Bragg diffraction at 558 nm and
exhibits good single-color diffraction. It is found that this
optical diffraction of MIPP is very sensitive to the rebinding
of the atrazine molecule. Upon exposure to 10�12

m atrazine
in phosphate buffer solution for 2 min, the diffraction peak
of MIPP shifts to 572 nm. With the increase in the concen-
tration of atrazine, the peak gradually shifts to the longer-
wavelength region (Figure 2 A). The peak of the EIPP film
soaked in 10�6

m atrazine is already redshifted by 60 nm rela-
tive to that of the original blank EIPP in phosphate buffer
solution. The color changes that accompany the peak shift
of the Bragg diffraction also are visually evident. The blank
EIPP film in the phosphate buffer solution is a green-yellow
color. After the exposure to 10�9

m and 10�6
m atrazine solu-

tion, the EIPP film changed color to orange (594 nm) and
red (618 nm), respectively (Figure 2 C).

Importantly, we found that the EIPP film is capable of de-
tecting trace amounts of atrazine. Even in lower concentra-
tion solutions of atrazine (10�12

m–10�16
m), a clear redshift of

the Bragg diffraction was also detectable and the detection
limit of 0.1 fm was reached (Figure 2 B), which is seven
orders of magnitude lower than that reported for the estab-
lished methods so far. To demonstrate that the induced dif-
fraction shift is not due to the impurity of the solution, we
also performed control experiments by preparing solutions
that are identical to those described above, but in the ab-
sence of atrazine. The EIPP film was exposed to these sam-

Figure 1. SEM images of the used colloidal-crystal template (A), the
formed MIPP film (B), and a cross-section of the MIPP film (C). Figure 2. Optical response of MAA-based MIPP to atrazine with a series

of concentrations: A) concentration range 10�6 to 10�11
m ; B) concentra-

tion range from 10�11 to 10�16m ; C) color change induced by the rebind-
ing of atrazine at different concentrations.
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ples one after another for a fixed period. As expected, the
diffraction shift was not detected in the absence of atrazine.
In this work, the sensing response of MAA-based MIPP to
atrazine was also examined in 5 mm phosphate buffer solu-
tion at pH 2.5. However, no Bragg diffraction shifts were
observed. The possible reason is that the nanocavities result-
ing from MIP are so small that carboxy groups located
nearby could form hydrogen bonds directly by themselves,
preventing template molecules from penetrating into the gel
network. Recently, the pH sensitivity of MAA-based inverse
opal was also investigated.[15]

Encouraged by these promising results, we have also tried
different polymerization recipes, including adjusting the
molar ratio between atrazine, functional monomer, and
cross-linker as well as changing the solvents used. However,
the maximum Bragg shift of the resulting MAA-based
MIPP films is only 60 nm and does not cover the whole visi-
ble-light wavelength range. As a result, we focused our at-
tention on finding another functional monomer system with
the expectation that, upon rebinding of the atrazine mole-
cule, the fabricated MIPP could change its hydrogel volume
sufficiently to cause the color change in the whole visible-
light wavelength range. Considering the increase in the hy-
drophilic nature and reduced stereo-hindrance effect, acrylic
acid (AA) was chosen as the functional monomer to prepare
new MIPP films with improved sensing properties towards
atrazine.

Sensing properties of AA-based MIPP films : By using the
same preparation procedure, an AA-based MIPP film was
first fabricated by using the pre-polymerization mixture with
an atrazine/AA/EGDMA ratio of 1:4:1.5. Figure 3 displays
the sensing behavior of the resulting MIPP film with a series

of concentrations of atrazine. Indeed, we found that the
AA-based MIPP films show a higher sensitivity at the same
atrazine concentration than the MAA-based MIPP films
(Figure 3 A, B). Atrazine at a concentration of 10�12

m al-
ready induced a Bragg diffraction shift of 13 nm. At 10�6

m

atrazine, a remarkable shift of over 170 nm from 448 nm to
620 nm was achieved. More importantly, in a broad concen-
tration range from 10�12

m to 10�6
m, the sensing of atrazine

by using AA-based MIPP is accompanied by distinct color
changes, which almost cover the whole visible-light wave-
length range from blue light to red light, and can therefore
be discriminated by the naked eye (Figure 3 C).

Compared with MAA-based MIPP, it should be noted
that the intensity of the optical diffraction of AA-based
MIPP decreased monotonically as the atrazine rebinding
process progressed (Figure 3 A,B). After the film had been
soaked in 10�9

m atrazine solution, the intensity of the dif-
fraction peak dropped to half of that of the original MIPP
film. As the concentration of atrazine was increased to
10�6

m, a broad and weak diffraction peak was observed. A
similar phenomenon was also noticed by other groups.[16]

The inverse relationship between the diffraction peak inten-
sity and the diffraction shifts of the hydrogel can be induced
by different factors, including a decrease in the refractive
index contrast during film swelling, an increasing presence
of disorder in the swollen hydrogel, or partial pore closure
during hydrogel expansion.[16] In our case, we believe that
the increased disorder of the swollen hydrogel upon the re-
binding of atrazine is a possible reason for this phenomen-
on. Nevertheless, this diffraction response is reversible and
the disorder of the swollen gel is temporal. When the film is
soaked in acetic acid solution, the well-defined diffraction
peak can be recovered.

Figure 3. Optical response of MIPP films fabricated by using different functional monomers to atrazine with various concentration: A) MAA as the func-
tional monomer; B) AA as the functional monomer; C) color change induced by the rebinding of atrazine at different concentrations (shown for the
case of the MIPP film fabricated by using AA as the functional monomer).
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For the efficient detection or sensing of the targeted mol-
ecule, ideally, the resulting hydrogel film should have the
following structure and properties: a) a 3D-ordered and in-
terconnected macroporous structure should be formed by
colloidal-crystal templating to produce a well-defined opti-
cal signal (Bragg diffraction) and allow the favorable diffu-
sion of the detected molecule inside the hydrogel film;
b) the nanocavities resulting from molecular imprinting
should exhibit high affinity and specificity and be easily ac-
cessible to the hydrogel film; and c) the molecular recogni-
tion events within the nanocavities should induce obvious
swelling or shrinkage of the hydrogel film with a readable
optical signal. These desirable structures and properties de-
scribed above are closely related to the selectivity, sensitivi-
ty, and responsiveness of the prepared film for sensing atra-
zine. In fact, we found that these structure and related prop-
erties are somewhat contradictory. For example, to maintain
the integrity of the 3D-ordered macroporous structure and
to obtain nanocavities with high specificity, more cross-link-
ing is required to form rigid frameworks, which inevitably
leads to difficulties associated with the release and uptake
of atrazine molecules and inhibits the formation of highly
flexible polymers for swelling or shrinkage. Hence, the opti-
mization of the hierarchically structured hydrogel film and
associated properties become quite complex. To achieve the

optimal conditions or �recipe� for constructing the desired
sensors in this work, the molar ratio between the functional
monomer (AA) and cross-linker (EGDMA) as the key in-
fluence factor was investigated.

Figure 4 presents the atrazine-dependent optical response
of the MIPP films that were prepared by using the following
molar ratios: a) AA/EGDMA = 4:1; b) AA/EGDMA =

4:1.5, and c) AA/EGDMA = 4:2. As expected, with the in-
creased use of the cross-linker, less diffraction peak shift
was observed and the capacity of the resulting EIPP re-
sponse to atrazine recognition decreased. When the molar
ratio of AA to EGDMA is 4:2, the EIPP hydrogel exhibits
an overall 30-nm shift (Figure 4 C), whereas the overall shift
is increased to 68 nm in the case of the EIPP using a molar
ratio of 4:1.5 (Figure 4 B). In contrast, when we decreased
the molar ratio to 4:1, the peaks shifted by more than
170 nm (Figure 4 A). For a better comparison, wavelength
shifts versus atrazine concentration was plotted instead of
raw data (Figure 4 D). With a further decrease in the molar
ratio (for example 4:0.5), however, we found that the
amount of the cross-linker used was not enough to maintain
the 3D-ordered porous framework, and as a result the
Bragg diffraction peak disappeared, leading to an ill-defined
optical signal (not shown). As discussed above, the reason
for these results is not hard to understand. To balance the

Figure 4. Optical response of AA-based MIPP films fabricated by using different polymerization recipes for atrazine at various concentrations: A) AA/
EGDMA=4:1; B) AA/EGDMA=4:1.5; C) AA/EGDMA= 5:2; D) plots of Bragg shifts of AA-based MIPP films versus atrazine concentrations.
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above-mentioned contradiction, the molar ratio of 4:1 (AA/
EDGMA) was fixed for the fabrication of our MIPP film
and used in the following experiments.

Selectivity of AA-based MIPP film : The selectivity test of
an atrazine-imprinted photonic polymer prepared from AA
and EGDMA was carried out by using two 1,3,5-triazines
(ametryn and prometryn), which are structurally similar to
atrazine, as well as one structurally unrelated herbicide (2,4-
dichlorophenoxyacetic acid, 2,4-D) as the reference com-
pounds (see Scheme 1). The optical responses of the MIPP
film to these reference herbicides are shown in Figure 5.

Compared with the results in Figure 4 A, it is seen that
ametryn or prometryn, which display only very small struc-
tural differences to atrazine (Scheme 1), can only induce
slight optical shifts under the same measurement conditions
(Figure 5 A, B). Although the recognition is not absolutely
specific to atrazine, this result clearly indicates that such an
MIPP film is able to efficiently discriminate between tria-
zine herbicides. The selectivity of atrazine-imprinted poly-
mers has also been investigated by several groups previous-
ly, and similar results were also observed. For example,
Kubo and co-workers studied the selectivity of atrazine-im-
printed polymers and found that other triazines could also
bind to the imprinted polymer by 10–30 % when compared

with atrazine.[7] The reason is believed to be that the struc-
ture and hydrogen-bonding sites of triazine are very similar
to those of atrazine. Remarkably, however, the structurally
unrelated herbicide 2,4-D did not cause any perceptible op-
tical response of the MIPP film at all (Figure 5 C). These re-
sults suggest that the selectivity of the MIPP film for atra-
zine was clearly induced during the molecular imprinting
process. Owing to the complementary shape, size, and inter-
action sites with the formed binding sites, only atrazine
rather than other herbicide molecules can specifically
occupy the imprinted nanocavities within the MIPP film and
cause the volume change of the hydrogel film, thereby in-
ducing the shift of the Bragg diffraction peak. The fact that
the prepared MIPP can delicately discriminate between the
very similar triazine molecules and other herbicides suggests
that the cooperative effect of shape, size, and interaction
sites of the formed biding sites plays a critical role in the
high-selectivity molecular recognition process of MIPP. As a
comparison, Figure 5 D shows the high specificity of the pre-
pared MIPP film for atrazine against other herbicides. To
further elucidate the molecular recognition properties of the
imprinted materials, the nonimprinted 3D-ordered macropo-
rous hydrogels (NIPP) as a control sample were also synthe-
sized under the same preparation conditions as the imprint-
ed photonic polymer, but in the absence of atrazine tem-

Figure 5. Optical response of the atrazine-imprinted photonic polymer to other herbicides: A) ametryn; B) prometryn; C) 2,4-D; D) plots of Bragg shifts
of MIPP to different herbicides with various concentrations.
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plates. Figure 6 displays the evolution of the diffraction
peak of the nonimprinted photonic film (NIPP) upon expo-
sure to a phosphate buffer solution containing atrazine or
reference herbicides as a function of concentration. Proba-
bly owing to some nonspecific adsorption, only a slight fluc-
tuation in the Bragg peak was observed in the case of the
nonimprinted hydrogel film, which is quite different from
the recognition behavior exhibited by the prepared MIPP
(Figure 4). These results described above clearly indicate
that the microenvironments created by molecular imprinting
are responsible for the observed results of atrazine-imprint-
ed photonic polymers.

Rapid response and recoverability of AA-based MIPP
films : Besides producing a readable optical signal, the 3D-
ordered interconnected macroporous structure is character-
ized by a high surface-to-volume ratio. This structural fea-
ture cannot only provide more complete removal of imprint-
ed molecules to achieve a high density of efficient recogni-
tion sites. More importantly, this structure is favorable for
molecular diffusion and most of the created recognition
sites are situated at the surface or in proximity to the surfa-
ces of the ultrathin polymer wall, which provides a better
site accessibility and lower mass-transfer resistance. Indeed,
we found that the prepared MIPP film exhibits a very fast

response time, and the atrazine rebinding process can be
completed within 30 s (Figure 7 A). Generally, the estab-
lished methods for determining atrazine need considerable
time. For chromatographic methods, it usually takes tens of
minutes to separate the analyte before determination.[28] For
immunochromatography methods,[1,3] it will take several mi-
nutes to get a result. An electrochemically based atrazine
sensor�s response time is usually in the order of 30 min.[5–6]

As the MIPP films are of a highly cross-linked polymeric
nature, the MIPP films also show good physical stability and
chemical inertness. These IPP films can be easily recovered
by elution by using acetic acid/methanol to remove rebind-
ing analytes followed by rinsing with a neutral phosphate
buffer solution to restore the neutral blank status. Figure 7 B
shows the recoverability of a MIPP film over five cycles.
The standard error is within 5 %, which is indicative of good
reproducibility.

Adsorption capacities of AA-based MIPP films in water : To
gain insight into the binding performance of the atrazine-im-
printed photonic polymer, adsorption experiments and sub-
sequent Scatchard analysis were carried out. In Figure 8, the
amount (Q) of atrazine bound to MIPP or NIPP was plotted
against various initial concentrations of atrazine. From the
isotherm curves, it is clear that the adsorption of MIPP in-

Figure 6. Optical response of non-imprinted photonic polymer (NIPP) to different herbicides: A) ametryn; B) atrazine; C) prometryn; D) plots of the
Bragg shift of NIPP with different herbicides at various concentrations.
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creased greatly with the increased atrazine concentrations,
whereas the adsorption of NIPP only increased slightly with
the concentrations. This result suggests that the imprinted
polymer MIPP is a better binder for atrazine, possibly owing
to the presence of a large number of binding sites within the
polymer network. We also found that the imprinted polymer
is not saturated and there is a tendency to adsorb more atra-
zine molecules if the concentration is higher. However,
since the solubility of atrazine in the water does not exceed
33 mgL�1 (about 100 mm); the maximum concentration of
100 mm was used in the adsorption experiments. The ob-
tained binding data were analyzed to estimate the dissocia-
tion constant (Kd) and the number of binding sites (Qmax).
We also performed several investigations involving the esti-
mation of the binding affinity of atrazine-imprinted polymer
in organic solvents. It was found that the Scatchard plot was
not linear, suggesting that the binding sites are heterogene-
ous with respect to the affinity for atrazine.[27–28] In our ex-
periment, however, we obtained only one line with a Kd

value of 31.0 mm and Qmax =13.64 mmol g�1 for the MIPP
film. One reason for these differences may lie in the differ-
ent concentration range, as the concentration of atrazine in
organic solvents can be as high as several mm. At high con-
centration values, another adsorption line could also be ob-

served. Also, a different solvent medium has considerable
influence on the adsorption behavior of polymers. Some of
our experiments revealed that water could disturb the for-
mation of hydrogen bonding and disturbed the adsorption
property of the molecular imprinted polymers. Water has a
high polarity and is unfavorable for the formation of hydro-
gen bonds. However, all our experiments were carried out
in aqueous solutions and our MIPP showed selective and ad-
sorptive properties. This suggests that in our inverse opal hy-
drogel polymer (MIPP), the formation of hydrogen bonds
actually occurred and that a considerable number of rebind-
ing sites are formed. Compared with MIPP, the linearity of
the measured data is very poor in the case of NIPP (Fig-
ure 8 B). It is roughly estimated that NIPP has 4.13 mmol g�1

(Qmax) and 32.3 mm (Kd). Obviously, MIPP has a larger ad-
sorption capacity than NIPP. However, in our case, it is diffi-
cult to understand why NIPP displays similar dissociation
constants to MIPP. This result seems to be contradictory to
the high selectivity of MIPP that is described above. Ac-
cordingly, we are now studying this aspect in detail to find
an explanation for this phenomenon.

From Figure 8, it can be seen that the mass content of the
analyte in the MIP in the optical studies is well below 0.1 %
at the low concentrations that were used. The swelling of
the inverse opal lattice should thus be the dominating effect.
The low atrazine concentration can induce dramatic swelling

Figure 7. Kinetic response (A) and recoverability (B) of AA-based MIPP
Film.

Figure 8. Binding isotherm (A) and Scatchard plot (B) of the atrazine-im-
printed photonic polymer (MIPP) and non-imprinted photonic film
(NIPP).
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of the prepared inverse opal. The probable reason for this
observation is the buildup of a Donnan potential between
the polymer hydrogel phase and the bulk solution phase
during the rebinding process of atrazine molecules to MIP.
As the atrazine molecule is also a base, the rebinding pro-
cess could also cause the increase in the degree of ionization
on the MIP through an acid–base reaction between atrazine
and carboxy groups of MIP. As a result, a Donnan potential
is builds up between the two phases and the resulting influx
of solvent and ions leads to polymer hydrogel swelling,
which may be detected as a redshift in optical diffraction. A
similar phenomenon was also observed previously.[16] Never-
theless, the dramatic swelling is very remarkable. Compared
to other hydrogels with partly ionic groups, the change in
density with charge is never as large. Further work to ex-
plain these differences is underway.

Conclusion

We have developed a new strategy for the convenient and
ultrasensitive detection of atrazine based on photonic-crystal
and molecular imprinting techniques. The constructed senso-
ry system is characterized by a) simultaneously possessing
high sensitivity and specificity, quick response, and good re-
generating ability in an aqueous environment; b) directly
generating readable optical signals (colorimetric) suitable
for reporting recognition events without any necessary treat-
ments for analytes (label-free) or the use of complex instru-
ments. The general applicability of this new approach and
the distinguished features indicate that MIPPs could also be
used in arrays of optical sensors in which each individual
sensor will detect different herbicides. It is envisaged that
the formed arrays could function as a “pH”-like paper and
provide a promising alternative for rapid monitoring of atra-
zine levels on the spot.

In the few last years, the development of MIPs has been
impressive in both breadth of template and also diversity.[33]

However, as one of the most important application areas of
the molecular imprinting technique, the construction of
MIP-based sensors requires the integration of additional
transduction elements. Thus, how to develop “smart MIP”
that can directly transfer the molecular recognition process
into a readable signal is highly desirable in this area.[34] The
concept reported herein provides a new means to construct
such “smart MIPs”. We believe that such a concept could
not only have an important impact on the development of
MIP-based sensory applications, but also extend the applica-
tion scope of photonic materials.

Experimental Section

Materials and chemicals : Atrazine, ametryn, prometryn, 2,4-dichlorophe-
noxyacetic acid (2,4-D), methacrylic acid (MAA), acrylic acid (AA), and
tetraethoxysilane (TEOS) were purchased from Beijing Chemical Indus-
tries. Ethylene glycol dimethylacrylate (EGDMA) and 2,2’-azobisisobu-

tyronitrile (AIBN) were obtained from Arcos Organics. Anhydrous etha-
nol, ammonia, acetic acid, glycol, and other affiliated chemicals were all
from local suppliers. All solvents and chemicals are of reagent quality
and were used without further purification. Common glass slides were
cut to be 50� 20 mm2 and immersed in a H2SO4/H2O2 mixture for 12 h,
followed by rinsing with deionized water in an ultrasonic bath three
times and then dried prior to use. All 7-mL vials for the formation of col-
loidal-crystal templates were cleaned by rinsing with the H2SO4/H2O2

mixture and deionized water. Polymethyl methacrylate (PMMA) slides
(50 mm long, 20 mm wide and 1.5 mm thick) as supports for the formed
EIPP film were cleaned with anhydrous ethanol. NaH2PO4 and Na2HPO4

were used as buffer solution at pH 7.6 for all molecular sensing measure-
ments.

Formation of colloidal-crystal templates : The highly uniform silica colloi-
dal microspheres were synthesized by using an approach based on the
Stçber method.[23] In a typical preparation, TEOS (8.74 g) and anhydrous
ethanol (180 mL) were mixed in a 250-mL flask and stirred with a mag-
netic beater. Then, ammonia (15.4 mL) and deionized water (4.46 g)
were slowly added and the resulting reaction mixture was left overnight.
After centrifugation and dispersion with anhydrous ethanol had been re-
peated four or five times to expunge residues, the monodispersed silica
particles were obtained and fully dispersed in anhydrous ethanol (weight
concentration ca. 1–4 %), which were allotted into 7-mL clean vials for
the formation of colloidal-crystal templates. A clean glass slide was verti-
cally placed into each vial for colloidal-crystal growth.[24] After complete
volatilization of ethanol, silica colloidal-crystal templates were formed on
both sides of each glass slide.

Synthesis of molecularly imprinted photonic polymers (MIPP): To ach-
ieve multipoint interacting binding sites of high selectivity in the resulting
photonic polymer, excess functional monomer was added. In our work,
we fixed the molar ratios between atrazine and MAA or AA at 1:4. In a
typical preparation for MIPP, atrazine (1 mmol, 216 mg), MAA (4 mmol,
344 mg) and EGDMA (1 mmol, 0.2 mL) were mixed overnight in metha-
nol (0.5 mL) to allow sufficient complexation. Then, AIBN (6.1 mmol,
0.01 g) was added, and the mixture was degassed with nitrogen for
10 min. Glass slides with a colloidal-crystal film were coated with a
PMMA slide and held together to retain the above-mentioned precursor
mixture. Once the colloidal crystal of the formed sandwich structure
became transparent, a successful infiltration process was completed.
After the removal of excess precursors, photopolymerization was per-
formed in an ice bath under a UV light at 365 nm for 2 h. The sandwich-
es were immersed in 1% hydrofluoric acid for 2 h to separate the double
slides and fully etch the used silica particles. The formed polymer films
remained on the PMMA substrate. The embedded atrazine molecules
were removed by incubating the polymer film in an acetic acid/methanol
mixture for 6 h, followed by rinsing with phosphate buffer solution
(pH 7.6). For control experiments, non-imprinted photonic hydrogel
(NIPP) films were also prepared by using the same procedure and condi-
tions, only without the addition of atrazine molecules.

Characterization : UV/Vis spectra were carried out on a UV/Vis spec-
trometer (PerkinElmer Lambda35). Surface morphologies of the used
templates and the resultant EIPP films were observed by using a KYKY
2800 scanning electron microscope operating at 25 kV. The photopolyme-
rization was implemented under UV light (FUSI Electric ST3; 16 W). A
centrifuging apparatus (Anke TDL-60B, Shanghai, China) was used for
the centrifugation of colloidal particles from the reactants. The sensing
properties of the fabricated MIPP were checked by exposure to solutions
of the analyte (atrazine, ametryn, and prometryn) one after another from
low to high concentrations in buffer solution. The shift of the Bragg dif-
fraction wavelength of EIPP after the exposure was measured by using a
UV/Vis spectrometer. The color change of the EIPP films were obtained
by using a common digital camera under a daylight lamp.

Scathchard analysis :[25] The free-standing molecularly imprinted or non-
imprinted photonic polymers were dried in the oven after the removal of
both templates (silica particles and atrazine molecules). Typically, the po-
lymer (10 mg) was immersed in an aqueous solution of atrazine (10 mL)
at various concentrations ranging from 5–100mm at room temperature.
After incubation for 6 h, the sample was centrifuged, and the upper clear
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solution was subjected to concentration analysis of the remaining atra-
zine. Q/Ceq is plotted versus Ceq according to the equation, Q/Ceq =

(Qmax�Q)/Kd, where Q is the amount of bound atrazine (mmol g�1), Ceq

the concentration of the free atrazine (mm), Qmax the apparent maximum
number of binding sites (mmol g�1), and Kd the equilibrium dissociation
constant.
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